IT IS WELL KNOWN that plasma K 1 concentration ([K 1 ]) increases during exercise and that the major source for the plasma K 1 increase is the exercising muscle (12, 17, 22, 23, 26, 31, 37) . The increase in arterial plasma [K 1 ] during exercise has been postulated to possibly have a functional role in the control of ventilation (5, 24, 27, 41) and the circulation (11, 32, 39) . It may also play a detrimental role by eliciting cardiac arrhythmias (13, 18) .
The changes in arterial and femoral vein (FV) [K 1 ] in response to leg cycling exercise have been described by several groups. Linton et al. (23) , using a continuously recording K 1 -sensitive electrode in four normal subjects, found arterial plasma [K 1 ] to increase after a delay of ,15 s of the start of exercise. Immediately after 1 min of very heavy exercise, Medbo and Sejersted (26) found that plasma [K 1 ] increases were similar in femoral artery and FV. They found no relationship between plasma [K 1 ] and either pH or glycogen breakdown. Vollested et al. (37) , using K 1 -sensitive electrodes in the FV and femoral artery, determined the FV 2 arterial (FV-a) K 1 differences during submaximal and supramaximal exercise and recovery. They found that FV [K 1 ] increased immediately at the start of exercise. Recovery was also quite rapid. Arterial [K 1 ] changes lagged the FV changes, and the major release from muscle was during early exercise.
Hallen et al. (16) postulated that the mechanism of K 1 release from muscle during exercise was due to lag in the activation of the Na 1 -K 1 membrane pump in response to changes in sarcolemmal membrane potential during exercise (22) . Other mechanisms include the effect of epinephrine on the Na 1 -K 1 pump (15), metabolic acidosis (26) , increased glycolysis (26) , and muscle damage.
We studied the simultaneous rapid FV and arterial K 1 concentration changes along with Na 1 and acidbase changes during exercise and recovery. We conclude that the timing of the K 1 release from exercising muscle and its reuptake in recovery, and the simultaneous acid-base changes, support the hypothesis that the primary mechanism for the exercise hyperkalemia is linked to a reduction in nondiffusible intracellular anions, which accompanies phosphocreatine (PCr) hydrolysis in response to exercise.
METHODS
Five healthy nonsmoking male subjects performed upright leg cycling exercise on an electromagnetically braked, computer-controlled, calibrated cycle ergometer (Godart, DeBilt, The Netherlands) at ,40 and 85% of peak oxygen uptake (V O 2 peak ) determined on the basis of a previously performed incremental exercise test. Each work rate was performed for 6 min. Table 1 describes the subjects and the work rates performed, the V O 2 peak , and the lactic acidosis threshold measured by gas exchange (4) . The protocol was approved by the Institutional Review Board. Each subject, after being briefed on the nature of the study and on what would be required of him, gave written consent to serve as subject.
Before exercise, a 10-cm 8-Fr catheter (Cordis, Miami, FL) was inserted percutaneously into the right FV (tip of the catheter ,4 cm above the inguinal ligament) and secured in place with a single suture. The catheter was kept patent with a 15 ml/h continuous infusion of heparinized normal saline. Another catheter was inserted percutaneously into the left brachial artery with the use of the Seldinger technique. FV blood was sampled every 5 s during the first 2 min of exercise by using a computer-controlled anaerobic collector (6) . The latter consisted of a roller pump and 24 3-ml syringes on a manifold, which filled sequentially by a switching device under computer control. After 2 min of exercise, the syringes were filled by hand every 30 s during exercise and the first 3 min of recovery and then at 5, 10, and 15 min of recovery. Arterial blood was manually sampled every 30 s during the 6 min of exercise and the first 3 min of recovery and then at 5, 10, and 15 min of recovery. Blood samples from both sites were immediately iced and analyzed for blood lactate with a Yellow Springs Instrument Laboratory lactate/glucose analyzer (model 2300, Yellow Springs, OH). pH, PCO 2 , and plasma [K 1 ] and Na 1 concentration ([Na 1 ]) were measured with electrodes (model BGE, Instrumentation Laboratories, Lexington, MA) within 45 min of collection. Actual HCO 3 2 was calculated from the Henderson-Hasselbalch equation. Gas exchange was measured breath by breath and interpolated second by second as previously described (3). Arterial and femoral venous oxygen contents were calculated from the product of hemoglobin concentration, oxyhemoglobin percent saturation (Instrumentation Laboratories CO-oximeter), and 1.34 ml/g hemoglobin (oxygen capacity for hemoglobin when fully saturated). K 1 , Na 1 , and lactate balances were calculated from the simultaneous FV and arterial concentration differences. The rate of K 1 release from muscle during exercise was calculated from the following equation
where Q leg is the blood flow through both exercising extremities and 0.55 is the fraction of whole blood, which is plasma into which K 1 is assumed to distribute (0.55 of whole blood) rather than whole blood water (average arterial hemoglobin concentration 5 15.3 g/dl for the 5 subjects Values are reported as means 6 SE, except when otherwise noted. Significant differences were concluded when P was ,0.05.
RESULTS
H 1 flux from the muscle capillary blood at the start of exercise. During the first 30 s of exercise, FV blood pH increased without a systematic change in arterial blood pH (Fig. 1) . This response was consistent in all subjects for both the 40 and 85% of V O 2 peak exercise (Fig. 1 ). This alkaline change resulted from a movement of H 1 into the cells, quantified by the increase in FV HCO 3 2 concentration ([HCO 3 2 ]) before FV PCO 2 started to increase (Fig. 2) . The FV [HCO 3 2 ] increased ,1,000,000 nmol/l, in contrast to the decrease in H 1 concentration of ,2 nmol/l at 30 s after the start of exercise. Thus additional strong cations must have been added to the FV blood for the HCO 3 2 to have remained dissociated. Dynamics of K 1 release from muscle during sustained exercise. Plasma [K 1 ] increased in the FV blood in all studies by 5-10 s (1st or 2nd sample) after the start of leg cycling exercise at both the 40 and 85% V O 2 peak tests (Fig. 3) (Fig. 3) . The maximum FVarterial plasma difference was ,1 mmol/l for the 40% V O 2 peak and 1.2 mmol/l for the 85% V O 2 peak work rate. This difference was maintained for ,1.5 min in the case of the former and 1.0 min in the case of the latter.
For the 40% of V O 2 peak work rate, FV [K 1 ] overshot its steady-state value (0.5 mmol/l above rest) by ,1 mmol/l during the first 3 min of exercise, reflecting the magnitude of the initial metabolic process that accounts for the K 1 release. By 3 min, FV and arterial [K 1 ] were similar, indicating that K 1 release from muscle is part of an early metabolic process.
For the 85% of V O 2 peak work rate, the FV [K 1 ] increased at a similar rapid rate to that observed for the more moderate-intensity exercise and considerably more rapidly than the FV lactate increase (see below). By 1 min of exercise, the FV [K 1 ] increased by 2 mmol/l. The kinetics of the K 1 release from the leg muscles were similar to that for the 40% V O 2 peak work rate, the major release being complete by 3 min for both work intensities (Fig. 3) .
Dynamics (Fig. 2) , all of the [HCO 3 2 ] increase must be due to the loss of H 1 ions from the extracellular to the cellular fluid and to a gain in dissociated cations such as K 1 from the cellular to the extracellular fluid. This is supported by the similar increase in HCO 3 2 and K 1 ions in the FV blood during the first 30 s of exercise (Fig. 4) , at a time before PCO 2 started to increase. The similarity in the dynamics and stoichiometry of FV [K 1 ] and [HCO 3 2 ] for both work intensities is seen in Fig. 
(top panels). In contrast to the FV [HCO 3
2 ] and [K 1 ] increases, the FV lactate concentration increased more slowly during this early period of exercise.
Dynamics of K 1 reuptake by the muscle during the recovery from exercise. FV [K 1 ] decreased abruptly during the recovery from both the 40 and the 85% of V O 2 peak exercise (Fig. 5 ). [K 1 ] decreased to the preexercise level, actually undershooting the preexercise value for the 85% V O 2 peak , after 1-2 min of recovery, with arterial [K 1 ] lagging the FV changes (Fig. 5 ). Reuptake of K 1 by the muscle appeared to be complete by ,5 min of recovery, without a significant difference in the pattern of reuptake for the two work intensities studied.
Early dynamics of lactate release from muscle during sustained exercise. In contrast to [K 1 ], FV lactate concentration did not start to increase until ,30 s after the start of exercise, before the arterial lactate had started to increase (Fig. 6 ). The magnitudes of the FV lactate increase and lactate release from the exercising leg were small for the 40% and much greater for the 85% of V O 2 peak work rate. The FV-arterial lactate difference was 0.5 and 1.6 mmol/l at 60 s of exercise, for the 40 and 85% of V O 2 peak work rates, respectively.
Dynamics of lactate balance across the leg during recovery from leg exercise. In contrast to [K 1 ], lactate concentration in the FV blood remained above arterial for the 85% of V O 2 peak during the first 15 min of recovery (Fig. 7) . Thus net lactate release from the muscle persisted for at least this period of recovery from heavy exercise, indicating that lactate removal from the blood during recovery is not due primarily to consumption by the exercising muscle but rather due to consumption by http://jap.physiology.org/ cells other than the myocytes that produced it. For the moderate work rate, there was no significant difference in arterial and FV lactate concentration in recovery, and the values were similar to the preexercise period ( Fig. 7) .
Dynamics of [Na 1 ] change in FV and arterial plasma during sustained exercise. There was no change from rest in the FV and arterial plasma [Na 1 ] during the 6 min of 40% of V O 2 peak work rate and no net Na 1 uptake by the exercising extremity (Fig. 8 ). For 85% of V O 2 peak group, [Na 1 ] increased in both the FV and arterial blood, but the net balance across the leg for [Na 1 ] was essentially zero and not different from rest (Fig. 8) . The increase in arterial and FV [Na 1 ] at the 85% of V O 2 peak suggests that extracellular water moved into cells at this work intensity.
Dynamics of sodium concentration change in FV and arterial plasma during recovery from sustained exercise. There was no systematic difference between FV and arterial blood [Na 1 ] in recovery from the 40% of V O 2 peak exercise (Fig. 9) . The increase in arterial and FV [Na 1 ], which took place during the 85% of V O 2 peak work rate returned to the preexercise concentration within the first 4 min of recovery (Fig. 9) 2 should reflect the simultaneous rate of change in the energy sources obtained during the rapid oxygen deficit period, i.e., the first 3 min of exercise. Because the major change in K 1 release at both levels of exercise studied occurred within the first 3 min of exercise, the time when PCr is undergoing splitting to creatine and inorganic phosphate, we determined the rate of increase in V O 2 (dV O 2 /dt) at 10-s intervals, calculated from breath-by-breath gas-exchange measurements interpolated second by second. The dV O 2 /dt was similar to the pattern of K 1 release from exercising muscle but quite dissimilar to the pattern of lactate release (Fig. 10) .
The peak rate of K 1 release was ,8 and 15 mmol/min for the 40 and 85% of V O 2 peak , respectively. This is similar in magnitude to the peak dV O 2 /dt in millimoles per minute per minute, at both work rates (Fig. 10) . At 40% V O 2 peak exercise, lactate release increased to 3 mmol/min at ,1.5 min but was not sustained. For the 85% of V O 2 peak , the rate of lactate release increased with time, reaching a peak rate of 15-20 mmol/min at ,3 min, a rate sustained for the remaining period of exercise (Fig. 10) .
DISCUSSION
The experimental data presented in this paper demonstrate that the major source of the increase in blood [K 1 ] is from the exercising muscle during the first 3 min for both moderate-and heavy-intensity exercise (Fig.  3) . Vollested et al. (37) , using K 1 -sensitive electrodes in the FV and artery during leg cycling exercise, found similar kinetics in K 1 release from the exercising extremity in humans. They observed the overshoot in FV K 1 during the first 3 min of moderate exercise, as found in our study, and K 1 release across the exercising extremity to be 90% complete by 3.5 min at all levels of exercise.
The primary determinant of K 1 concentration in the cell is the concentration of nondiffusible anions (Donnan membrane equilibrium). Because of the electrochemical potential resulting from the high intracellular [K 1 ], K 1 diffuses through leak channels in the plasma membrane of the cell into the extracellular fluid. Na 1 diffuses in the opposite direction because of its electrochemical potential. The Na 1 -K 1 pump [Na 1 -K 1 -adenosinetriphosphatase (ATPase)] maintains these electrochemical potentials and K 1 as the major intracellular cation and Na 1 as the major extracellular cation. Both the change in nondiffusible anions in the muscle cell and the inability of Na 1 -K 1 -ATPase to regulate Na 1 and K 1 across the sarcolemmal membrane might cause the muscle to release K 1 at the start of exercise.
Because the Na 1 -K 1 pump is responsible for maintaining high intracellular [K 1 ] and low intracellular [Na 1 ], the concept that sarcolemmal potential change during muscular contraction and the failure of the Na 1 -K 1 pump to keep pace with the rate of K 1 loss is generally accepted as the primary mechanism for the exercise hyperkalemia (22) . Clausen and his colleagues (7) have done a great deal of research to expand our knowledge of the Na 1 -K 1 pump in skeletal muscle. In in vitro studies of skeletal muscles of subhuman species (7), only 2-6% of the pump capacity is required to maintain the cellular and extracellular concentrations of Na 1 and K 1 . Thus there appears to be a large reserve in ATPase (7, 8) . Hormones such as insulin, thyroid, and catecholamines have been shown to modify the pump activity (7) .
Ouabain attaches to the K 1 receptor site on ATPase (the pump). Thus it blocks K 1 uptake by the pump and the antiport movement of Na 1 , allowing the latter to leak into the cell. Clausen et al. (8) demonstrated that inhibition of Na 1 -K 1 -ATPase by ouabain accelerates cellular efflux of K 1 and influx of Na 1 in rat soleus muscle in vitro. During electrical stimulation, the Na 1 -K 1 pump is activated above that level which could be accounted for by the increase in intracellular [Na 1 ] (10). Thus, if stimulation was not relatively high, the increase in intracellular [Na 1 ] was not significant. Semb and Sejersted (35) suggest that intracellular [Na 1 ] may change minimally because it is functionally restricted to intracellular space close to the sarcolemmal membrane and, therefore, has a small transient intracellular volume of distribution. A comparable restricted space for K 1 efflux on the outer membrane surface has not been suggested, although such a phenomenon might be necessary to minimize diffusion distances for the pump to allow repeated depolarization and repolarization of the sarcolemmal membrane during isotonic exercise.
Because of the importance of the Na 1 -K 1 pump in maintaining Na 1 and K 1 balance across the sarcolemmal membrane, exercise hyperkalemia is generally attributed to the failure of the pump to keep pace with K 1 loss from the muscle during contraction. Indeed, an increase in femoral venoarterial K 1 difference has been reported during exercise in heart failure patients following digitalization (34). Hallen et al. (16) attributed the net loss of K 1 from muscle to a lag in the Na 1 -K 1 membrane pump during isotonic exercise (the ''Na 1 -K 1 pump lag'' theory). They postulated that the Na 1 -K 1 pump activity is catecholamine dependent and attributed the increased FV and arterial [K 1 ], observed to take place after b-adrenergic blockade (15, 16, 23) , to an accentuation of the lag in Na 1 -K 1 pump. However, the increased hyperkalemia with b-adrenergic blockade during steady-state exercise might be accounted for by the failure to redistribute blood flow adequately to the exercising muscles. This should result in increased PCr hydrolysis, as suggested by the finding of increased lactate during exercise for work above the anaerobic threshold (36) , and slower V O 2 kinetics (increased oxygen deficit) in response to exercise after b-adrenergic blockade, compared with before blockade (28) .
A mechanism that lags implies a dynamic process that would eventually ''catch-up'' if the activity were sustained. Because skeletal muscle Na 1 -K 1 -ATPase is in excess concentration over that normally required (7, 8) , it might be expected that K 1 would be pumped back into the muscle cell as exercise is sustained. However, the increased plasma [K 1 ] is maintained constant throughout exercise after 3 min. Only after exercise stops does plasma [K 1 ] return to the preexercise level (Fig. 5) . Hemoglobin concentration was measured in each blood sample. FV and arterial concentrations were virtually identical, and they changed together during exercise. For the 40% V O 2 peak exercise, hemoglobin concentration increased on average from 15.3 6 0.3 g/dl at rest, to 15.6 6 0.3 g/dl at 30 s to 15.6 6 0.4 g/dl at 6 min of exercise. For the 85% of V O 2 peak exercise, hemoglobin concentration increased from 15.4 6 0.5 g/dl at rest, to 15.6 6 0.5 g/dl at 30 s, to 16.9 6 0.4 g/dl at 6 min of exercise. At the higher exercise intensity, the apparent 10% shrinkage in plasma volume attributable to the 10% increase in hemoglobin concentration could contribute in only a minor way to the ,67% increase in [K 1 ] observed at 6 min of exercise and could contribute nothing to the increased arteriovenous [K 1 ] difference measured across the exercising extremity and calculated K 1 release during the first 3 min of exercise.
Not consistent with the Na (Figs. 3 and 8 ) and never changed in opposite direction, as would be predicted by the Na 1 -K 1 pump lag hypothesis.
The pump lag hypothesis can also be examined in terms of how much K 1 release from the muscle could be accounted for by sarcolemmal membrane depolarization and whether it would be reflected in the blood plasma. To alter the membrane potential by 100 mV, K 1 loss from the myocyte during muscle contraction, estimated from the Nernst equation for a typical cell of 10 µm, would be only ,1/100,000 of the total K 1 in the cytosol (1) . Assuming that K 1 release by the contracting myocytes is distributed in the extracellular fluid volume (20% of the body weight, or 13.7 liters; see Table 1 Fig . 10 . From top to bottom: estimated lower extremity blood flow (both legs), rate of change in oxygen uptake (V O 2 ) (dV O 2 /dt), calculated for 10-s periods and average K 1 , and La 2 release to blood as related to time for the 2 exercise intensities studied, i.e., 40% of V O 2 peak (A) and 85% of V O 2 peak (B). Zero on time axis designates start of exercise. Each plot is average for 5 subjects in this study. for body weight of subjects), the total K 1 release for the 85% V O 2 peak study (see Fig. 3 ) would be 38.4 mmol (13.7 3 2.8 mmol). Assuming that the contracting muscles are 20% of the body weight and that 40% is cell water (5.5 liters) with a K 1 concentration of 140 mmol/l, the total K 1 in contracting muscle cells before K 1 loss would be 768.3 mmol. Thus, during the period of K 1 release, ,5.0% of the cellular K 1 moves extracellularly, an amount much larger than that predicted from K 1 loss from sarcolemmal membrane potential change. As pointed out by Semb and Sejersted (35) , the ions that cause the change in membrane potential may be restricted to the surface layer by small diffusion distances and, therefore, occupy relatively small volumes of distribution rather than the total extracellular fluid space.
Kjeldsen et al. (19) found that plasma K 1 was reduced after exercise training, without a change in Na 1 -K 1 -ATPase activity. However, McKenna et al. (25) and Green et al. (14) found a 16 and 13.6% increase in Na 1 -K 1 -ATPase activity, with a 27 and 4.5% reduction in the plasma [K 1 ], respectively, after training. Despite a large reserve in muscle ATPase (8) , with an ability to upregulate, every level of exercise, even the mildest, causes plasma [K 1 ] to increase.
Metabolic acidosis is also sometimes suggested as a possible mechanism for the exercise hyperkalemia. However, as is evident from Figs. 3 and 4, K 1 is lost from cells early in exercise without a metabolic acidosis (actually a metabolic alkalosis). Also, the changes in lactate and K 1 concentrations, and the dynamics of their release from muscle, are quite different. Moreover, the patterns of their concentration change differ during recovery. In recovery, K 1 is rapidly taken up by the exercised extremity, whereas lactate, in response to heavy-intensity exercise (e.g., 85% of V O 2 peak ), continues to be released from muscle for at least 15 min. As lactate is removed from the arterial blood, presumably primarily by the liver, the arterial blood with reduced lactate concentration (Fig. 7) gradually washes out lactate that accumulated in the muscle during exercise.
Increased glycolysis accounting for K 1 release from liver and muscle would seem an unlikely explanation, since the release of K 1 from muscle is largely complete by 3 min, the time that the rate of glycolysis is greatest, as evident from the V O 2 response and rate of lactate release from the exercising muscle. The major K 1 release from exercising muscle is before 3 min and, for the 40% V O 2 peak work rate, the FV [K 1 ] decreases after reaching a maximum value, despite V O 2 and, therefore, the rate of glycolysis increasing. Furthermore, the K 1 release does not parallel the lactate release (Fig. 10) , the latter being a measure of the rate of glycolysis. Finally, the measurements made by Linton et al. (23) , using K 1 -sensitive electrodes in the hepatic vein during exercise, did not demonstrate increased K 1 release by the liver, suggesting that the increased glycolysis in liver did not account for the exercise hyperkalemia.
It is generally recognized that heavy ischemic work may damage muscles cells and make them more permeable to myoglobin and other cell contents. The experimental findings of this study do not support the concept that the exercise hyperkalemia is due to muscle injury. Muscle injury should cause a late release and should occur primarily during heavy intensity exercise. Also, the rapid K 1 reuptake in recovery (Fig. 5) would not have been expected if muscle injury accounted for the hyperkalemia.
In this paper, we describe experimental data suggesting that the exercise hyperkalemia is linked to PCr hydrolysis during early exercise. At the beginning of exercise, the major source of high-energy phosphate for muscle contraction is the hydrolysis of PCr. As it splits into creatine and inorganic phosphate, there is a rapid reduction in nondiffusible anions in the contracting muscle cells because PCr is a highly dissociated acid at the cell pH (acidic dissociation constants pK a1 and pK a2 5 2.7 and 4.6, respectively) (9), and when it hydrolyzes, it is converted into a neutral molecule (40) , creatine, and dibasic phosphate (Fig. 11) . This reaction should alkalinize the cell during the period of rapid PCr hydrolysis until the acidifying effects of increased CO 2 production and, during heavy exercise, lactic acidosis overwhelm the alkalinizing effect of PCr hydrolysis. CO 2 and lactic acid, being relatively permeable acids, should not have significant holding power for intracellular cations. By early spectral analysis, it was possible to observe the early transient alkalinization in the muscle of humans by 31 P-nuclear magnetic resonance spectroscopy (2) . The early alkalinization in the muscle effluent blood reported in this study (Fig. 1) coincides in timing and pattern with the early alkalinization of the muscle cell attributable to PCr hydrolysis (29) .
The concentration of PCr is ,14 mmol/kg wet wt, depending on fiber type (33) . The hydrolysis of PCr is a reaction that is virtually complete during the period of increasing V O 2 , i.e., within the first 3 min of exercise, and the decrease in PCr is sustained during the entire course of exercise to a level depending on the work intensity (20) . Because of the reduction of nondiffusible anions in the form of PCr, fewer cations are needed in the cell to balance the cell negative charges (Donnan effect). Creatine, being undissociated or a zwitter ion (21) , takes up H 1 as illustrated in Fig. 11 . The early alkalinization of the contracting myocytes reflects the abrupt reduction of nondiffusible intracellular anions. Findings that the kinetics of the K 1 loss from the cells is similar to the rate of PCr hydrolysis (or rate of change in V O 2 , i.e., dV O 2 /dt; Fig. 10) ; that K 1 increase in blood is sustained throughout exercise, regardless of its duration; and that the FV blood is alkalinized during the early period of exercise when the rate of K 1 efflux from the cells is greatest, are consistent with the PCr hydrolysis hypothesis for the exercise hyperkalemia.
Transport of K 1 from the muscle to the extracellular fluid must be accompanied by a new anion or the uptake of a cation by the cell to maintain ionic balance. During the early period of both moderate and heavy exercise, the increase in FV [K 1 ] is associated, stoichiometrically, with new HCO 3 2 ion in FV plasma. This is reflected in an increase in pH without an increase in FV PCO 2 taken up by the alkalinized muscle cell (Fig. 11) . The fixation of metabolic CO 2 as HCO 3 2 during this early period of exercise probably accounts for the decrease in gas-exchange ratio routinely observed at the airway from 15 to 45 s after the start of exercise (38) .
The rate of change in PCr should be of a similar order of magnitude with similar kinetics to the rate of change in V O 2 . We found that peak K 1 release was ,5 and 10 mmol/min for the 40 and 85% of V O 2 peak , respectively. Recognizing the limitations of discontinuous measurements, it can be appreciated from Fig. 10 that the peak rate of K 1 release from the exercising muscle and dV O 2 /dt overlap closely in time and are of the same order of magnitude for the work intensities studied.
Limitations of this study that might have affected our conclusions include our inability to measure PCr in muscle. However, its change should track the early V O 2 kinetics as previously shown (2) . Furthermore, we did not measure blood flow directly but made what we believe to be reasonable estimates based on prior experimental work on the fraction of exercise O 2 attibutable to exercising muscle. We also assumed that K 1 change was not reflected in the red blood cell, based on reported low permeability of cations to human red blood cells. These assumptions might have resulted in a small quantitative difference in the calculated K 1 release from muscle but not in the pattern of release. A further limitation was that we measured arterial concentrations at 30-s intervals, whereby we measured FV concentrations every 5 s. Consequently, when calculating balance across the leg, the peak arterial-FV differences could be underestimated.
The PCr hydrolysis hypothesis for the exercise hyperkalemia links muscle K 1 release to the early change in muscle bioenergetics after the start of exercise. The release of K 1 from muscle might be anticipated consequent to hydrolysis of PCr because nondiffusible anions in the myocyte are reduced when PCr is hydrolyzed. The K 1 release from muscle and simultaneous H 1 loss from the extracellular fluid are very early events, taking place at 5-10 s and preceeding the increase in local PCO 2 and lactate increase (Fig. 4) . This early appearance signifies that the transit delay through the interstitial fluid is relatively small compared with the 3-min period during which the K 1 release takes place. However, it could be anticipated that the measure of the rate of release into the blood (Fig. 10) is a damped underestimate of the rate of release from the muscles. However, the inability to see what is happening at the cell membrane does not negate the interpretations on balance across the exercising extremity allowed by the measurement of venoarterial differences.
Whereas an analysis was given above describing 1) the inadequacies of some previously rendered hypotheses and 2) shortcomings of this study, several important findings in this study implicate the intracellular nondiffusible anion changes (accompanying PCr hydrolysis) as the primary mechanism of the exercise hyperkalemia. The first of these findings is that FV alkalemia develops at the start of exercise (Fig. 1 ) during the Step 1: functional acidic dissociation constant (pK) for phosphocreatine (PCr) at the pH of cell is 4.6, and, as a consequence, it is almost totally dissociated at cell pH, its negative charge being balanced by intracellular cation (K 1 ). Functional pK for creatine (a zwitter ion) is 7.0 and, therefore, conveys no net charge. Hence, as PCr hydrolyzes, negative charges are reduced, decreasing number of nondiffusible intracellular anions and creating a net intracellular excess of cations and an uptake of protons. Net effect in myocyte is an increase in pH, which peaks at ,30 s of exercise, as shown by 31 P-nuclear magnetic resonance spectroscopy (see Ref.
2).
Step 2: excess cations (K 1 ) in cell move extracellularly as H 1 moves from extracellular fluid into the H 1 -poor cell. Step 3: because [H 1 ] is of such low concentration in extracellular fluid, the only mechanism that could allow a sufficient number of H ions to move into cell to balance K 1 efflux is H 2 CO 3 dissociation to form HCO 3 2 and H 1 . H 1 flux into cell can be measured as HCO 3 period when K 1 and HCO 3 2 are simultaneously increasing (Fig. 4) and at a time that the myocyte pH is also increasing (2). Alkalemia, secondary to H 1 loss from the extracellular fluid, very closely parallels the K 1 gain in the FV blood. The chance that differences in speed of H 1 and K 1 diffusion artifactually caused similar changes in K 1 and HCO 3 2 at the start of exercise is highly unlikely. The measurements of venoarterial difference indicate that the exercising extremity is the source of the K 1 increase. Because both the cell and extracellular fluid become alkaline simultaneously during the first 30 s of exercise, the mechanism for the quasi-stoichiometric increase in HCO 3 2 and K 1 must be due to consumption of cellular and extracellular H 1 by the cell. Figure 11 shows how intracellular cation would become in excess when PCr hydrolyzes and the mechanism by which the cell consumes H 1 when PCr splits. The transmembrane H 1 -for-K 1 exchange generates extracellular HCO 3 2 , which serves to balance the positively charged K 1 added to the extracellular fluid during the first 30 s of exercise (Fig. 4) . Later, lactate might serve as the principal anion balancing the increase in extracellular K 1 (Fig. 6) .
The second major finding linking muscle K 1 release to PCr hydrolysis is that measurements of venoarterial K 1 difference indicate that the period of K 1 loss from the exercising extremity is virtually complete by 3 min of exercise. This coincides with the time that PCr hydrolysis is complete (2) and the time when V O 2 reaches an assymptote (3 min). The period of K 1 release from myocytes should take place only during the period of PCr hydrolysis, since this is the period associated with decreasing cellular concentration of nondiffusible intracellular anions. The K 1 release is virtually complete by 3 min, as would be predicted if the release were linked to the kinetics of V O 2 and PCr hydrolysis.
In summary, principal findings leading us to the alternative hypothesis for the mechanism of the exercise hyperkalemia are that 1) during early exercise, K 1 release is accompanied by a FV alkalemia and increase in HCO 3 2 with similar kinetics to the increase in K 1 concentration and 2) the venoarterial K 1 differences approach zero by 3 min of exercise, with the 3-min values sustained for the duration of exercise. We conclude that the major mechanism for the exercise hyperkalemia is the reduction in intracellular nondiffusible anions accompanying PCr hydrolysis.
